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INTRODUCTION
As oil and gas developments extend into deeper water and new geographical regions, a surficial seabed 'crust zone' of anomalous high shear strength has been reported frequently in site investigations. The favoured origin of the crusts in deep water is suggested to be a product of bioturbation and geochemical transformation in sediments (Ehlers et al., 2005; Kuo & Bolton, 2013) . The results of cone penetration tests (CPTs) and T-bar tests (Stewart & Randolph, 1994) indicate that the shear strength within the crust zone generally increases rapidly from the mudline to a maximum value of 5 to 15 kPa at 0.5 m to 1 m depth, with the underlying soft clay exhibiting essentially normally consolidated (NC) conditions with strength increasing proportionally with depth (e.g. Ehlers et al., 2005; DeGroot et al., 2011) .
Two examples of the undrained shear strength profiles of a soft seabed with surficial crust in the upper few metres are shown in Figure 1 . The soil properties of a crustal layer have been shown to have a significant impact on design of seabed pipelines (Kuo & Bolton, 2014) . This study addresses the effect of a surficial crust on the design of subsea shallow foundations, often referred to as mudmats. Subsea mudmats, generally rectangular in plan, are extensively deployed for supporting subsea equipment including pipeline end terminations (PLETs) or manifolds (PLEMs), and in-line sleds. For typical subsea mudmats with plan dimensions of around 10 m and embedment ratios of up to 20% of the foundation breadth, the soil-structure interaction generally takes place within the upper metre or two of the subsoil, thus coinciding with the zone of the crustal layer.
Most research on the response of shallow foundations on layered deposits has focused on the undrained ultimate vertical bearing capacity. The first rational approach to solve the bearing capacity problem for a strip foundation on two-layer soil was shown by Button (1953) . The later solutions of Meyerhof and Hanna (1978) were based on small-scale tests from which semi-empirical formulations for the bearing capacity factor were developed. More recently,
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Feng/Gourvenec/Randolph/Wallerand/Dimmock under fully three-dimensional loading rigorous bound solutions for bearing capacity factors of a surface strip foundation on a twolayer clay profile have been obtained from finite-element limit analysis (Merifield et al., 1999) . Michalowski (2002) examined the limit loads on a foundation over two-layer clay in consideration with load inclination. In an advance over the plane strain analyses outlined above, three-dimensional finite-element analysis was employed to calculate the bearing capacity of rectangular and square foundations on two-layered clays (e.g. Zhu and Michalowski, 2005; Merifield and Nguyen, 2006; Yu et al., 2011) . However, those studies were mainly for cases where the undrained shear strength was uniform with depth in both soil strata.
Numerical studies of the vertical bearing capacity of strip and circular foundations on a nonhomogeneous crust overlying uniform soft clay were presented by Park et al. (2010) . The results indicated insignificant difference in bearing capacity with either non-homogenous or uniform undrained shear strength distribution in the crust when tc/B < 1.5 and tc/D < 1.0 for strip and circular foundations, respectively, where tc is the thickness of the crust, B and D are the breadth or diameter of the strip or circular foundation respectively. The bearing capacity of a foundation on a deposit comprising a crust overlying a soil with linearly increasing undrained shear strength with depth, representative of normally consolidated (NC) clay, has not been addressed systematically.
Furthermore, existing studies have considered predominantly vertical load, and on occasion load inclination. However, the external loads transferred to mudmats are normally threedimensional because the associated pipelines and jumpers do not align in a single plane. The external loading transmitted to a subsea mudmat is represented schematically in Figure 2 .
The work presented in this paper identifies the undrained load-carrying capacity of rectangular mudmats under fully three-dimensional loading, V-H 2 -M 2 -T in soils with a crust overlying normally consolidated clay. Parametric studies address the effects of the relative
Feng/Gourvenec/Randolph/Wallerand/Dimmock under fully three-dimensional loading crust thickness, foundation embedment ratio and the ratio of the shear strengths of clay immediately underlying the crust to that of the crust.
DESIGN APPROACH FOR MUDMATS UNDER LOADING IN 6 DOF ON SINGLE LAYERED SOIL
A design approach for assessing the undrained load-carrying capacity of mudmat foundations subjected to V-H 2 -M 2 -T loading in a single layered soil with shear strength increasing linearly with depth was proposed by Feng et al. (2014b) . The method involves defining the ultimate limit state of mudmats under combined six degree-of-freedom loading through a nest of twodimensional failure envelopes of the resultant horizontal and moment loading, accounting for mobilised vertical and torsional resistance. For a given foundation geometry and soil strength profile, the principal design steps in the approach are tabulated in Table 1 .
The overall strategy for the FE analyses on the V-H 2 -M 2 -T load-carrying capacity for mudmats founded in a crustal layer overlying normally consolidated clay is built on the framework for a single layer soil. Initially, the uniaxial capacities, i.e. for which a single component of load or moment acts on the foundation in isolation, are calculated. The available maximum horizontal, moment and torsional capacities are then examined according to the mobilised vertical resistance, involving identification of the V-Hx(y), V-Mx(y) and V-T interaction diagrams. Subsequent analyses are performed to investigate the interaction diagrams under Hx-Hy and Mx-My loading, allowing estimation of the maximum horizontal and moment capacity for any angle of horizontal and moment loading, respectively. These maximum values are then reduced according to the mobilised torsion by considering the interaction diagram for H-T and M-T loading. Ultimately, a general formulation of a failure envelope is developed for the V-H 2 -M 2 -T loading. An example of the failure envelopes derived from the design approach is presented in Figure 3 for a mudmat under fully threedimensional loading on single layered soil.
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Feng/Gourvenec/Randolph/Wallerand/Dimmock under fully three-dimensional loading
FINITE ELEMENT MODEL

Geometry and meshes
All the FE analyses presented from this study were carried out using the commercially available software Abaqus (Dassault Systèmes, 2010) .
The majority of the analyses considered a typical rectangular mudmat with breadth-to-length ratio of B/L = 0.5 and two representative crusts with thickness ratio of tc/B = 0.1 and 0.2 to bracket a practical range of field conditions. The base of the foundation (or skirt tip) was assumed to terminate within the crust, i.e. d/tc ≤ 1, with d being the skirt depth. Accordingly, the foundation embedment ratio d/B was varied from zero to 0.2, again encompassing typical skirt depth ratios, which in many cases are less than 0.1. Foundation geometries with d > tc, would rarely represent an optimal design because of the typical reduction in shear strength immediately below the crust.
The three-dimensional finite element mesh used for the analysis of the rectangular mudmat is shown in Figure 4 (half view). The breadth was taken as B = 5 m for all of the analyses, but the results are presented in normalized quantities so that they are independent of the selected foundation size. The meshes extended 4B from the edges of the foundation and 4B beneath the foundation base level, with horizontally constrained nodes at the vertical sides, and fully constrained nodes across the base. The boundaries were shown to be sufficiently remote so that the failure mechanisms were unaffected. First order 8-node brick, hybrid elements were used. Hybrid elements are well-suited to model the response of near-incompressible materials (such as soil under undrained conditions). The mesh featured two thin layers of elements immediately beneath the foundation, at the soil interface, with the characteristic thickness being approximately 0.3%B, to capture precisely the possible positions of the shear failure surface and to more accurately obtain the sliding resistance.
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Materials and interfaces
The soil shear strength profile consisted of a surficial crust with an underlying layer of normally consolidated clay. The range of shear strength profiles and the parameters describing the crustal configuration and relative undrained shear strength ratios considered in this study are defined in Figure 2 . The shear strength of the crust, sut, was uniform and kept constant whereas the underlying layer was defined by assuming normally consolidated conditions, i.e. with zero shear strength at the mudline increasing proportionally with depth, z.
The strength gradient, k, for the lower clay was varied according to the desired soil layer strength ratio, subs/sut, with subs (= ktc) being the shear strength of the base clay at the interface.
The crust strength was prescribed a value of 10 kPa based on available site information, but the results are presented in terms of dimensionless groups such that the absolute magnitude defined in the analyses is irrelevant. The strength heterogeneity for the underlying soil was defined by a non-dimensional quantity, denoted as κ = kB/subs = B/tc. Soil strength profiles considered ranged from a strong crust overlying a very weak sublayer, with the undrained strength at the interface up to 20 times smaller than the shear strength of the crust, subs/sut = 0.05, to a crust underlain by a sublayer of equal shear strength at the interface and increasing linearly with depth subs/sut = 1.0 (Figure 2 ). In total seven variations of crust configuration, subs/sut, were considered and two normalised crust thickness, tc/B.
The assumption of a uniform shear strength in the crust layer is an idealisation of field conditions, which span from the more 'triangular' distribution observed in Figure 1a , to the more uniform profile representative of other field strength profiles, such as shown in Figure   1b . A uniform shear strength in the crust was selected as it allowed for relatively straightforward definition of the dimensionless groups for shear strength (subs/sut and κ = kB/subs = B/tc) and the subsequent synthesis of the results in terms of embedment ratio, d/B, and normalised crust thickness, tc/B. Engineering judgement is required in every case to select Figure 1a and is subsequently adopted for the worked examples presented at the end of the paper.
The soil was modelled as linear elastic, perfectly plastic obeying a Tresca failure criterion.
The elastic properties were defined by undrained Young's modulus E = 600su and Poisson's ratio of ν = 0.49 (to avoid numerical difficulties associated with the constant-volume response of the soil under undrained conditions). This gave a relatively high rigidity index G/su of 200, where G is the shear modulus of the soil, so that failure occurred at relatively small displacements to avoid problems of mesh distortion.
The skirted foundation was idealised as an equivalent embedded solid foundation on the assumption that in practice, sufficient internal skirts would be provided so that the soil plug enclosed by the peripheral skirts would displace as an intact body with the foundation during undrained loading. The required number of internal skirts to achieve optimal capacity of rectangular mudmats under V-H 2 -M 2 -T loading has been previously quantified (Feng, et al., 2014a) . The solid foundation was modelled as a rigid body with a load reference point (LRP) defined at the centroid of the foundation at mudline level. In the analysis, all foundation loads and displacements were applied or recovered at this point.
The interface between the underside of the rigid solid foundation and the subsoil was taken to be rough in shear with no detachment between the mudmat and soil permitted (i.e. fully bonded) to represent the 'rough' soil-soil interface at skirt tip level of a skirted foundation.
The contact between the external faces of the peripheral skirts and the adjacent soil was modelled as frictionless with separation permitted, avoiding transmission of any tensile normal stress across the interface.
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Load path
The response of the mudmat foundations subjected to V-H 2 -M 2 -T loading is presented in the form of failure envelopes. Failure envelopes under combined loading conditions are generally evaluated through swipe tests or fixed ratio displacement probes. Sideswipe tests, which have been used in previous experimental and numerical work, take advantage of allowing large sections of failure envelope to be investigated in a single analysis (e.g. Tan, 1990; Gourvenec & Randolph, 2003) . However, fixed ratio displacement controlled probe tests were adopted in this study because the load path in a sideswipe test can undercut the true failure envelope, particularly for embedded foundations (Gourvenec, 2008) .
Model validation
The (11)).
Validation of the layered model considered a strip and square foundation with identical mesh discretisation on the mid-point central plane as shown in Figure 4 . The vertical bearing capacity of the strip foundation on a stiff-over-soft clay is well bracketed by the upper bound
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Feng/Gourvenec/Randolph/Wallerand/Dimmock under fully three-dimensional loading (UB) and lower bound (LB) solutions by Merifield et al. (1999) as shown in Figure 5a . For the square foundation, the FE results show good agreement with those from Merifield and Nguyen (2006) (Figure 5b ).
RESULTS
All results in this paper are presented as non-dimensional quantities, with the load capacity normalised as, V/Asut, Hx(y)/Asut, My/Absut, Mx/Alsut and T/Alsut.
Pure uniaxial capacity
Vertical bearing capacity
The undrained vertical bearing resistance of a shallow foundation in a deposit comprising a strong crust over a weaker layer was found to be a complex function of a number of dimensionless factors: (a) the shear strength ratio between the underlying weaker layer and the stronger top crust, subs/sut, which reflects the effects of the shear strength distribution of the underlying layer; (b) the thickness of the crust relative to the foundation width, tc/B; and where Np is the skirt bearing factor, expressed as 2.2 + γ'd/2sut ≤ 4.4 (Feng et al., 2014b) .
As the ratio of foundation embedment to crust thickness, d/tc, increases beyond a certain value, the shear failure surface will occur either at the level of the soil layer interface or the foundation base, with the position depending on the shear strength ratio, subs/sut. For the lower strength ratio the failure mechanism extends down to the soil layer interface (Figure 9a ), while for the higher strength ratio, the failure mechanism is contained within the crust ( Figure   9b ). The corresponding horizontal capacities can be expressed as The finite element results are expected to over-predict sliding resistance due to numerical approximation of shearing in a band of thin but finite thickness elements directly beneath the foundation, with numerical over-prediction greatest in the profiles of high strength heterogeneity. Over-estimation up to 6% was observed in the FE results for surface foundations with high kB/su, compared with the theoretical prediction of Hult/Asu = 1.
Torsional capacity
For a foundation under ultimate horizontal or torsional load, the developed failure mechanism involves soil shearing at skirt tip level, and passive and active (if available) failure against the skirts. Therefore, the expressions for predicting torsional capacity follow similar forms to those for horizontal capacity.
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When foundation embedment is sufficiently small, torsional capacity can be calculated by
with ts being the normalised torsional capacity for a surface foundation:
and Np the skirt bearing factor, expressed as 2.5+γ'd/2sut ≤ 5.0 (Feng et al., 2014b) .
As foundation embedment increases beyond a certain value, the torsional capacity develops as
where NT is taken as 5.6.
The general formulation of the torsional capacity for given foundation embedment is therefore given as follows 
The quality of the proposed curve fit is shown in Figure 12 .
Combined loading including V
Combined V-H loading capacity
Previous studies have shown that foundation embedment and soil heterogeneity have insignificant effects on the shape of normalised failure envelopes in vertical and horizontal load space (M = T = 0). Figure 13 shows that the normalised V-H failure envelopes fall in a tight band for subsoil with two extreme strength ratios, and for foundations with different embedment. The failure envelopes can be approximated by a piecewise function using the
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Feng/Gourvenec/Randolph/Wallerand/Dimmock under fully three-dimensional loading same expression proposed for the case of single layered soil (Feng et al., 2014b) . For a typical mudmat design, the mobilised vertical capacity, V/Vult, is generally less than 30%, for which the reduction in horizontal capacity due to vertical load is negligibly small (see Figure 13) .
The V-H envelopes may be represented by 
For foundations in a crust layer of given thickness ratio, tc/B, the normalised Hx-Hy failure envelopes were found to contract inward with increasing strength ratio and eventually converge (for subs/sut = 1) at the failure envelopes given by Equation (18) (see Figure 17) .
Thus, for high strength ratios the failure mechanisms were confined within the upper crust and the interaction envelopes were not affected by the underlying soil layer (Figure 17 ). For 
Torsion effect on horizontal and moment capacities
The ultimate horizontal load or moment is effectively reduced by the associated torsion.
Torsion effects on horizontal and moment capacity were explored by analysing the H-T and M-T failure envelopes, respectively.
It can be seen from Figure 19 that the innermost failure envelope corresponds to H being applied along the short axis (i.e. parallel to B). The envelope expands outwards as the horizontal loading direction changes from 0° to 90°, that is, higher torsional resistance is available when the horizontal loading acts parallel to the long edge of the foundation,
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Feng/Gourvenec/Randolph/Wallerand/Dimmock under fully three-dimensional loading reflecting the results by Feng et al. (2014b) . Furthermore, the H-T failure envelopes are independent of the foundation embedment and strength ratio for the case of the horizontal load being parallel to the short edge (Figure 20a ). The effect of foundation embedment becomes increasingly pronounced with decreasing strength ratio as horizontal loading direction varies from 0° to 90° (Figure 20b and c) .
The general relationship between torsion and horizontal load proposed by Finnie and Morgan (2004) can be applied to estimate the combined H-T loading capacity.
The power m generally ranges from 1 to 2 for a rectangular foundation whereas the power n was found to be a function of the foundation embedment, horizontal loading direction and shear strength ratio. General expressions have been derived for the powers m and n for the 
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The fit is generally conservative for all conditions considered.
Combined M-H Failure Envelopes
For a single layer soil, the shape of the normalised H-M failure envelope was found to be independent of foundation embedment provided the moment reference point was shifted from mudline to the level of the foundation base, that is by substituting a moment of M* = M + Hd.
The same approach was applied in this study, and the FE results indicate that the failure envelope is relatively insensitive to foundation embedment and crust thickness. 
with θ being the angle of the resultant horizontal load from the x-axis.
Torsion has a significant effect on the HM failure envelopes, since it effectively reduces the maximum horizontal load and moment that can be sustained. The FE results indicate that the normalized H-M failure envelopes contract inwards with increasing mobilised torsion, T/Tult, with slightly greater reduction in the maximum sustainable horizontal load compared with the maximum moment. This is consistent with the influence of torsion being most significant where sliding failure occurs and least significant where deep bearing failure occurs. Because of the application of the torsion, the mudmat performs as if it was embedded in a soil with
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Feng/Gourvenec/Randolph/Wallerand/Dimmock under fully three-dimensional loading 'reduced' shear strength at the level of the sliding failure surface. The H-M interaction mechanism is largely unaffected and a similar shape of failure envelope is maintained, although the aspect ratio reduces as the torsion level increases.
For any given magnitude of mobilised torsion, T/Tult, the failure envelope can be estimated by substituting Hult and Mult in Equation (25) by the corresponding maximum values Hmax and Mmax deduced from Equation (22) and (24) 
A comparison of the reduced failure envelopes in the Hx-My plane with FE results is shown in Figure 24 , showing good agreement.
EXAMPLE APPLICATIONS
Example applications are considered here to illustrate the impact of a surficial crust on mudmat design. The undrained shear strength profiles shown in Figure 1 are accordingly idealised as a seabed with a surficial crust (tc =1 m; sut = 10 kPa, k = 1.7 kPa/m giving subs = 1.7 kPa), or approximated by a single layer seabed, i.e. neglecting the crust (su = 2 + 1.3z kPa). The single layer shear strength profile assumes a small non-zero mudline strength in recognition of the underestimation of strength in the crust. The crustal profile considered here is constrained to zero strength intercept, underestimating the shear strength of the immediate underlying soil, but the improvement in the foundation capacities is still significant by explicitly considering the crust as shown in the following example applications. The effective soil unit weight is taken as γ' = 5 kN/m 3 .
Application 1: In the first example, the material factor, γm, which is defined as the partial safety factor applied to the soil shear strength (ISO, 2003) , is evaluated for a foundation with
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Feng/Gourvenec/Randolph/Wallerand/Dimmock under fully three-dimensional loading given footprint area. Foundation geometry and factored loads are prescribed, as summarised in Table 2 , and the calculated material factor is compared for the seabed with the surficial crust and the single layer seabed. For the foundation geometry adopted, neglecting the crust leads to inadequate capacity, with a material factor of 0.61 (so less than unity), while accounting for the surficial crust explicitly increases the material factor nearly threefold to 1.64. Figure 24 illustrates the loading conditions and corresponding 'failure' material factors.
Different aspect ratios of failure envelopes for the 'crust' and 'no crust' cases are evident, reflecting the more significant benefit from the crust for sliding and torsion resistance, compared with vertical and moment resistance.
Application 2: The second example compares the minimum foundation footprint for a given material factor, aspect ratio and embedment ratio, as summarised in Table 3 , and factored loads taken as those in Example 1 ( Table 2) . The results are summarised in Table 4 
CONCLUSIONS
The overall aim of this paper has been to quantify the effect of a surficial crust on the sixdegree-of-freedom capacity of rectangular mudmats for offshore deepwater developments. (ISFOG 2010) Loads as in example application 1, Table 2 Table 4 (Merifield et al, 1999) LB: tc/B=0.125 (Merifield et al, 1999) UB: tc/B=0.25 (Merifield et al, 1999) LB: tc/B=0.25 (Merifield et al, 1999) 
